Abstract -Presence of diploid males in wild bees reflects inbreeding and provides information about the health status of a colony or population. Detection of diploid males, and discrimination from haploid males and workers, has, however, been limited to molecular diagnostics. Here we present a novel method based on differences in wing shape, e.g., venation patterns in wings. The method is easy to apply and results, for Bombus terrestris , in very high discrimination success. Possible applications of the method are discussed.
INTRODUCTION
There is accumulating evidence of recent declines in both wild and domesticated bees (Biesmeijer et al. 2006; Potts et al. 2010; Cameron et al. 2011) . Among the potential drivers of these declines are landscape modification and fragmentation, intensive use of agrochemicals, pathogen infections, competition with alien species, climate change, and interactions between all of these (Potts et al. 2010; Winfree 2010) . Independent of which driver is responsible, reduced populations experience several threats such as loss of genetic diversity and risk of inbreeding as a result of non-random mating Davis et al. 2010) . These threats are particularly problematic in haplodiploid species such as bees (Zayed and Packer 2005; Zayed 2009 ). These species have a single locus sex determination system where diploids are females and haploids are males (Whiting 1933; Crozier 1971) . However, low genetic diversity, due to inbreeding depression, can lead to diploids being homozygous at this locus and therefore developing into males (Duchateau et al. 1994 ). More than 80 Hymenoptera species produce diploid males (Van Wilgenburg et al. 2006; Darvill et al. 2012) . While in some eusocial species (e.g., Apis mellifera ) diploid male larvae are killed by workers before becoming an adult (Woyke 1963) , in bumble bees homozygote diploid larvae may develop into unviable or effectively sterile males.
Production of viable diploid males has a strong negative effect on bumble bees population maintenance by reducing the fitness of (1) the colonies producing the diploid males and (2) the queens Electronic supplementary material The online version of this article (doi:10.1007/s13592-015-0352-3) contains supplementary material, which is available to authorized users. mating with diploid males. Indeed, after mating with a brother, half of the queen's diploid eggs, which normally develop into females, develop into males (Duchateau et al. 1994) . As a consequence, the colony produces only half the normal quantity of workers from the start and thus will remain rather small in size, with low production of new queens. Second, as most bumble bee species are monandrous (even known polyandrous species mate with a frequency close to one; Estoup et al. 1996; Payne et al. 2003; Takahashi et al. 2008 ) and diploid males produce diploid sperm, queens mating with diploid males produce 100 % of sterile triploid offspring leading to the inbred strain having much lower fitness than outbred colonies. In wild populations, this is known as the Bdiploid male extinction vortex^ (Zayed and Packer 2005) . In this vortex, populations are reduced, e.g., due to habitat fragmentation, which leads to decreased allelic diversity, increased inbreeding, and the production of diploid males so that the extinction risk of the population increases. Nevertheless the haplodiploid system could select negatively against the deleterious alleles and thereby balance the costs of inbreeding and low genetic diversity (Schmid-Hempel et al. 2007 ). Some studies have tried to quantify the presence of diploid males in wild populations. In Japanese Bombus florilegus , 28 % of the males were diploid (Takahashi et al. 2008) , whereas diploid males were also frequent in fragmented populations of British Bombus muscorum . Because diploid male production occurs under conditions of severe inbreeding, the presence of diploid males can be used as an indicator for population (or colony) health and can be used to assess the viability of bee populations (Zayed et al. 2004 ).
Detection of low genetic diversity or increased inbreeding within a population requires specialized, often invasive, and very costly genetic methods, such as flow cytometry or microsatellite analysis (Gadau et al. 2001; Maebe et al. 2013 Maebe et al. , 2014 . Use of morphological, instead of genetic, characters could provide an alternative, but has not been developed until now. Even though morphological methods have been developed to detect A. mellifera diploid drone larvae (Santomauro and Engels 2002) or adults based on testes and genital hooks (Herrmann et al. 2005) , fast and effective morphometrics identifiers are still lacking for wild bees.
In this study, we developed and tested wing morphometric identifiers for bumble bee diploid males. Our study focuses on the bumble bee Bombus terrestris , a well-studied and easily reared bumble bee. Wings were analyzed by geometric morphometric procedures, which quantify and analyze the overall shape of a structure (Bookstein 1991; Rohlf and Marcus 1993; Zelditch et al. 2004; . Morphometric studies of bees have focused on wing shape and venation because wings are flat, rigid 2D structures with many homologous landmarks that are diagnostic at multiple taxonomic levels (e.g., Francoy et al. 2008; Michez et al. 2009; De Meulemeester et al. 2012; Dewulf et al. 2014 ). Our method is cheap, fast, and renders the possibility of assessing male ploidy not only in freshly collected specimens but also in pin-mounted museum specimens for which biomolecular analysis is often impeded due to inadequate preservation.
MATERIALS AND METHODS

Material and ploidy determination
Three colonies of B. terrestris obtained from bee breeder Biobest N.V. were artificially reared in a controlled climate room at +28/30°C and 60 % relative humidity at the laboratory of Zoology in Mons (UMons, BE). Only one of the colonies produced both queens (n =11) and males (n =21) of first generation. The newly emerged queens and males of this colony were placed in a Bflight cage^to force brother-sister mating. These mated queens were used to produce second-generation inbred colonies. During 2 months, the mated queens overwintered following the rearing method of Lhomme et al. (2013) . Hibernated queens were activated with CO 2 narcosis (Roseler 1985) and were placed in small boxes with two workers and a cocoon to maximize the probability of colony initiation (Kwon et al. 2003) .
The 11 mated queens of the first generation initiated colonies, producing a total of 62 workers and 41 males of second generation. The degree of ploidy of these males was assessed by flow cytometry using a PA-I flow cytometer (PARTEC©; Partec GmbH, Munster, Germany). Head cells were extracted in DNA-staining solution containing DAPI as the DNA dye. For this purpose, bumble bees were first killed by deep freezing (at −80°C) and the head was placed each in 1 ml of the DNA-staining solution. Processing, cell cycle analysis and quantification of flow cytometric data were performed according to Cournault and Aron (2008) . Both wings were removed for geometric morphometric analyses.
The total sample of specimens for the analysis included 30 workers, 21 haploid males, and 10 matedqueens of the first generation, and 48 workers, 26 diploid males, and 10 haploid males of the second generation.
Geometric morphometrics
The right and left forewings of all 145 specimens were photographed using an Olympus SZH10 microscope coupled with a Nikon D200 camera. Among the 290 wings, 274 were suitable for morphometrics analyses (from 78 workers, nine queens, 28 haploid males, 22 diploid males). Left wings were mirror-reflected to achieve landmark homology. Photographs were input to tps-UTILS 1.56 (Rohlf 2013a ) and both right and left wing shapes were captured by digitizing twodimensional Cartesian coordinates of 18 landmarks ( Figure 1 ) on wing veins with tps-DIG v2.17 (Rohlf 2013b) .
The 274 landmark configurations were scaled, translated, and rotated against the consensus configuration using the GLS Procrustes superimposition method to remove all non-shape differences and to separate the size and shape components of the form (Rohlf and Slice 1990; Bookstein 1991) . The superimposition was performed using R functions of the package geomorph (Adams and Otárola-Castillo 2013) .
The aligned landmark configurations were projected into the Euclidean space tangent to the curved Kendall's shape space to aid further statistical analyses. The correlation coefficient between the Procrustes distances in the shape space and the Euclidean distances in the linear tangent space equaled 1.00. This indicates that the curvature of the shape space around our data was negligible (Rohlf 1999) . The least-squares regression slope through the origin (0.999) and the correlation coefficient between the two distances were calculated with tps-SMALL v1.25 (Rohlf 2013c).
Shape discrimination of castes and diploid males
We evaluated potential differences between wings of the four groups (i.e., queen, worker, haploid male, diploid male) in their size and shape. Significance of size differences among the different castes and between haploid and diploid males was tested by analysis of variance (ANOVA) of mean centroid sizes by specimen (CS). CS is defined as the square root of the sum of squared distance between all landmarks and their centroid (Zelditch et al. 2004) . Preliminary verification reveals that wing CS is related to the length of the radial cell (distance from the first wing submarginal cell venule to the wing radial cell apex), which was already used as a proxy for total body length (Medler 1962 ).
Discrimination of single wings
A between-group PCA was performed to visualize shape variation between the four groups ( Figure 2 ). Compared to traditional PCA, between-group PCA tends to maximize variation between groups by projecting the greatest variance between group means along the first principal component, the second greatest variance on the second component, and so on. Unlike discriminant analyses, scores of the specimens are projected in a Euclidean space that does not affect relations or distances between specimens. Influence of size on shape analyses was tested by correlation coefficient between CS and components of the bgPCA.
Discrimination among the different castes and between haploid and diploid males was also assessed by linear discriminant analysis (LDA) of the aligned configuration of landmarks. The effectiveness of the LDA for discriminating groups was assessed by the percentages of wings correctly classified to their original group (i.e., hit ratio, HR) in a leave-one-out cross-validation procedure based on the posterior probabilities of assignment. Given the observed scores of a wing, the posterior probability equals the probability of the wing to belong to one group compared to all others. The wing is consequently assigned to the group for which the posterior probability is the highest (Huberty and Olejnik 2006) . As the right and left forewings of all specimens were included in our analyses, therefore a pseudoreplica effect could occur in the cross-validation procedure. To avoid overfitting of HR, we simultaneously left out the two wings from the same specimen (i.e., left and right wing) before classifying a wing in the leave-one-out procedure (Table I ).
Discrimination of specimens
Assignment of wings in predictive discriminant analyses should not be considered as a unique qualitative identification. Value of the posterior probabilities could be more informative for validating the assignment to a group. Low probabilities (<0.90) refer to a nonsupported assignment and should be considered as dubious classification. Identification of the specimens was, therefore, redefined based on posterior probabilities of assignment of both right and left wings of the same specimen. We applied the following rule of thumb for specimen identification. A specimen was assigned to a group if both wings showed high posterior probabilities of assignment (>0.90) for the same group. If one wing showed supported assignment but the second wing showed low probabilities, the specimen was assigned to the supported group. In case of divergent supported assignments, or when right and left wings both showed low probabilities, the identification was stated as dubious, and the specimen was not assigned to any group.
Separating males from females is fairly easy in bumble bees (i.e., they can be distinguished by the presence of genitalia for males and stings for females). Therefore, it is likely that in many cases one already knows the sex of a specimen and only the ploidy of the male specimen needs to be assessed. Given that wing shapes of diploid males are closer to the wing shape of workers than to the wing shape of haploid males (Figure 2 , Table I ), a male was identified as diploid when wings were assigned to either diploid males or workers (Table II) .
Sensitivity to the heterogeneous sample size and number of shape predictors
Following Kovarovic et al. (2011) and Evin et al. (2013) , potential bias due to heterogeneous sample sizes and number of predictors has to be taken into account in assessing the robustness of cross-validation results. As our sampling involved groups of heterogeneous size (i.e., many more worker specimens), we tested the potential effect of our sampling on the HR results.
First, PCA was used to reduce the number of shape predictors used in the LDA. Evolution of global and group HRs was calculated by sequentially increasing the number of PCs included in the LDA (Fig. S1 ). Because the first PCs do not always represent the most useful information for group discrimination, LDA was also calculated based on the four bgPCs (Table III) .
Second, bias due to unbalanced sample size was quantified from (1) perfectly balanced groups and (2) randomized group affiliation. Balanced groups were obtained by randomly selecting 22 specimens in each group; queens (nine specimens) were excluded in this procedure. Randomized group affiliation was computed by assigning specimens to one of the four groups by chance prior to LDA calculation. Randomized group affiliations were computed both on the original and the balanced dataset. Because these procedures involve randomization, the three analyses were repeated 1000 times and summarized by average classification rate and ratio of supported classification (see rule of thumb for specimen identification described above). If overfitting due to sampling size is not playing a role, the randomized group affiliation should produce HR close to the 25 % random chance baseline.
Statistical analyses were performed using the software R version 3.0.2 (2013, http://www.R-project.org/). To ensure reproducibility in our results, R seed was defined before calculation.
RESULTS
Mean of centroid sizes by specimen differed significantly between the four groups defined in our analyses (i.e., queens, workers, haploid males, and diploid males) as revealed by ANOVA (p value=0). Pair-wise ANOVA after Bonferroni correction (factor 6) on CS revealed significant differences between all groups (p value=0 for all Table I . Wing identification based on leave-one-out cross-validation procedure in the LDA using both wings.
Only well-supported assignments were used (n =241). Original groups are along the rows, predicted groups are along the columns hM haploid males, dM diploid males, W workers, Q queens Table II . Specimen identification based on leave-oneout cross-validation procedure in the LDA using both wings (n =137). Original groups are along the rows, predicted ploidy along the columns. Males were identified as diploid when wings were assigned to either diploid males or workers hM haploid males, dM diploid males, W workers, Q queens, NA dubious ploidy identification ANOVA) except between diploid males and workers (p value=0.358).
The four groups defined in our analyses (i.e., queens, workers, haploid males, and diploid males) were separated in the between-group PCA, even though clear overlap was observed between workers and males ( Figure 2 ). In these analyses, all queens clustered together and were well separated from the other groups. The four axes of the bgPCA explained 48.9 % of the total variance (respectively 29.5, 12, 5.2, and 2.3 %). Correlation coefficient between CS and axes of the bgPCA revealed non-influence of size on shape variables (R 2 =0.16, R 2 =0.25, R 2 =0.03, and R 2 =0.01, respectively, for first, second, third, and fourth axes). Correlation coefficients between CS and axes of a PCA also revealed non-influence of size on shape variables (R 2 ≤0.2 for all 32 PCs). The same four groups were well separated from each other in the LDA. If we regard the assignment by the cross-validation, disregarding the level of support for the assignment, 92 % of wings were correctly assigned to their group. The 18 queen wings showed an HR of 100 %. Six of the 156 worker wings were misclassified, all being assigned to diploid males (HR 96 %). Among 56 haploid male wings, only two were misclassified as diploid male wing and six as worker wing (HR 86 %). Among 44 diploid male wings, one was misclassified as a haploid male and eight were misclassified as workers (HR of 80 %).
If, on the other hand, we only consider wellsupported assignments (i.e., with posterior probability >0.90; this is the case for 88 % of all wings), we see that 95 % of the wings were classified correctly (Table I) . Having prior knowledge of the sex of the specimen, i.e., wing is known from a male, the hit ratio for assignment to the correct ploidy was 98 % (39 of 40) for diploid male wings and 93 % (39 of 42) for haploid male wings (Table I) .
At specimen level, a well-supported identification was given for 47 of the 50 males. Except for three haploid males, the correct ploidy was assigned (Table II) . The three haploid males were classified as workers. The LDA of wing shape appears to be a clear and accurate method for discrimination between haploid and diploid males. All the queens and 73 of the 78 workers had a well-supported identification and were assigned to the correct level of ploidy.
The number of shape predictors did not bias the results obtained in the LDA. Highest HRs were obtained when including all PCs in the analysis (Fig. S1) . Moreover, HRs obtained in the LDA based on the bgPCs were not better than those obtained on original data (Table III) . These results allow us to be confident in our classification accuracy while using all shape predictors.
However, the unbalanced sampling size between workers and other groups influenced the group HRs. Global HR, group HRs, and the Table III . Results of leave-one-out cross-validation procedures using both wings in the linear discriminant analyses on original data (LDA) and on between-groups principal components (bgLDA), and in the linear discriminant analyses on balanced groups (bLDA) and after randomized group affiliation (rLDA) (n =137 Morphometrics identifier of diploid males distribution of posterior probabilities of identification calculated in the different cross-validation procedures using both wings are summarized in Table III . The randomized group affiliations computed on a balanced dataset led to mean group HR of 25 % in all groups, corresponding to the random chance baseline. However, randomized group affiliations computed on the original dataset led to a highly variable group HR, ranging from mean HR of less than 10 % for queens and haploid and diploid males to 78 % for workers (Table III) . These results suggest that, due to unequal sampling size, an average of 78 % of the workers can be correctly classified by chance. As suggested by Kovarovic et al. (2011) and from the results obtained in the LDA on balanced groups (bLDA ,  Table III ), this high random chance baseline for workers might have influenced the misclassification of the three haploid males to this larger group. In any cases, cross-validated accuracy in the LDA on original data was always better than chance.
DISCUSSION
Haploid and diploid male production in inbred colonies
We managed to produce diploid males in our laboratory colonies, in which approximately half of the first brood were males. The majority of those males were diploid (72 %), but there was a substantial number of haploid males. Even if our results are based on one colony only, they confirm similar study based on colonies reared in laboratory condition (Duchateau et al. 1994 ). However, these observations are unlikely to mirror wild situation. According to Roseler (1985) , the CO 2 narcosis can induce the laying of unfertilized eggs by queens during their first brood, which may have been the case in our breeding operation.
Morphometric identifiers for haploid and diploid males
Geometric morphometrics have been used previously to discriminate bees at different taxonomic levels (e.g., Aytekin et al. 2007; Francoy et al. 2008; Michez et al. 2009; De Meulemeester et al. 2012 ). Here, we show that bumble bee castes and diploid males can also be discriminated based on their wing shape with high HR. We argue that a morphometric identifier could be developed to provide a fast, accurate, and cost-effective evaluation of the degree of ploidy of bumble bee males, overcoming the impediments incurred by biomolecular analyses. However, we need additional experiments with wild specimens included in the dataset to extrapolate those results.
The method we describe here may be of use to the monitoring of the health and status of wild populations as well as to quality control of breeding stocks used for commercial rearing. Given that a high level of diploid males is an indication of a low level of allelic diversity, their proportion in a population may be an indication of the genetic health and/or recent trends (e.g., population decline) of wild pollinator populations (Zayed et al. 2004) . Monitoring bee populations is pivotal and is becoming increasingly crucial for the evaluation of national and international targets in nature conservation and for biodiversity monitoring or ecosystem service assessments (e.g., crop pollination). Until now, most assessments of pollinator change have had to rely on species richness or distribution change estimates derived from indirect evidence (e.g., opportunistic occurrence records; Biesmeijer et al. 2006; Carvalheiro et al. 2013 ). Development of a morphometric identifier will provide a novel tool to rapidly evaluate both the state of populations (i.e., based on diploid/ haploid males ratio, as theoretically suggested by Zayed et al. 2004 ) and the impact of mitigation measures at a low cost as compared to the expertise needed and costs associated with assessments based on DNA analyses. In addition, past population trends may be inferred from analysis of museum collection specimens, for which male ploidy assessment can now be achieved non-invasively.
Furthermore, a recent study highlighted the production of diploid males in colonies from mass production facilities, indicating some level of inbreeding in industrial breeding (Maebe et al. 2014 ). An early morphological detection of diploid males could improve the production of the bumble bee commercial breeding.
In the near future, the morphometric identifiers can be turned into automated or semi-automated identification tools suitable for field or museum studies. Similar morphometrics identifiers have been developed over the past decade (MacLeod 2008 and references therein), notably DrawWing (Tofilski 2004) , DAISY (O'Neill 2008) , and more recently by Santana et al. (2014) . Finally, morphology-based analysis will also facilitate future citizen-science bee monitoring schemes, e.g., involving smartphone or tablet-based image analysis and data recording.
